The formation and development of a dataset for pipeline systems have affected the management and decision-making of pipeline operators. The dataset, combined with a proposed theoretical analysis method, can provide significant improvement for the safe and economic operation of pipelines. On the basis of the pipeline data and its essential impact on pipeline risk assessment, the authors propose for the first time the Staged Bayesian failure model for girth welds of a pipeline, using the "tree-type" accident theory and Bayesian survival analysis method. This model of girth welds is consistent with the distribution of Kaplan-Meier functions and can predict the influence of different factors on the survival probability of girth welds. These new research results can lay the technical foundation for the failure analysis of pipeline girth welds.
Introduction
The rapid growth of population and economies requires increased oil and gas pipeline infrastructure. There were 3500 oil and gas pipelines in service worldwide until 2015, with a total length of 1.83 million kilometers [1] . Pipelines are one of the safest ways to transport oil and gas but can cause horrific damage to buildings and injury or death to nearby residents once a rupture occurs [2] . Most of the accidents have indicated that the pipeline is always at risk of different kinds of fractures at fragile points that can be known or undetected [3] . Pipeline operators continuously seek ways to operate under safe and economic conditions, and the findings from this work can aid in this important objective.
New natural gas pipelines with high-pressure, large-diameter pipes and high-grade steels have become major trends in international construction [4, 5] . However, in recent years, there have been a number of ruptures and leakages of new pipeline girth welds, which have led to serious property damage, environmental pollution, and even casualties [6, 7] . The failure of pipe girth welds has become a major issue that threatens the safe operation of pipelines. According to casual statistics, there were about 64 cracks and leakages that caused accidents in onshore pipelines s from 2005 to 2015 in the United States and China [8] . Thus, the issue of to how to detect and evaluate more than 160 million girth welds on pipelines around the world and prevent the cracking of girth welds has become a worldwide concern. Because of the special position of girth-weld defects, it is difficult to identify and accurately quantify a defect size through in-line inspection. Especially for high-pressure natural gas pipelines, there is no mature detection technology for girth-weld cracks. In terms of existing trenchless technology, magnetic flux leakage (MFL) techniques are still considered to be the most cost-effective and easy-to-implement techniques among girth-weld defect-detection methods [9, 10] . However, the irregular girth-weld morphology makes it difficult to accurately identify and quantify the girth-weld defects in a short detection window. At present, there are no specific precision requirements for MFL inspection for girth-weld defects. The decision for girth-weld repair plans in accordance with the standards of the Fitness for Service (FFS) and Engineering Critical Assessment (ECA)methods [11] [12] [13] based on MFL inspections alone may significantly increase the operating costs, because of the possibility of large deviations in the data. Decisions based on this type of data cannot completely eliminate the risk of girth-weld failure. Furthermore, the factors influencing the failure of girth welds are relatively complex and still difficult to quantify and analyze and include welding defects, weld geometry, and loading, which is also affected by complex external factors, such as soil displacement, earthquakes, floods.
Traditional managers are accustomed to using general knowledge, limited experience, and limited data to determine the possible risk factors and locations of leaks in pipelines. However, the limitation of this method has been to use the data collected from other pipelines to analyze the data of a specific pipeline by analogy. Additionally, insufficient data regarding the pipe and the surrounding environment lead to the incorrect evaluation of the results. After decades of development, this model has improved and become a relatively more mature technology, with quite remarkable effects [14, 15] . Many experts continue to revise evaluation models and algorithms in this area, so that the accuracy of risk prediction is continuously improved under limited cognitive conditions [16, 17] . However, recent pipeline accidents show that there is an urgent need for research on how to use the information to identify and evaluate the failure of girth welds and on to how convert the information into practical aspects of integrity management to improve the safety of pipeline operation. Therefore, current research has tended to focus on new prediction methods in substitution of the traditional risk-assessment model. Although the current information or data have certain problems such as accuracy, they are enough to help to improve the evaluation of the safety status of the pipeline.
Previous research focused on discussing the knowledge of Pipeline Big Data (PBD) and what will change in the risk model [18] . With the development of technology, part of the dataset of the PetroChina pipe has become systematic and comprehensive, helping to almost fully understand the risk factors of the pipeline. This has permitted to change from "black-box" identification and evaluation of the risk factors to "white-box" identification and full control of the operators. This paper is an attempt to set up a framework method of girth-weld prediction with the Bayesian survival-analysis algorithm based on data t, "tree-type" accident-cause theory, and anti-fragile concept to avoid the method of simple data analysis or the traditional risk analysis [19, 20] . This framework is aimed to improve the tools of girth-weld failure prediction to reduce accidents and prevent disasters similar to the San Bruno pipeline rupture.
Survival Prediction Model

Girth-Weld Failure Causes
Detailed information or dataset can identify more failure's causes than traditional theory analyses of accident's causes. Initial work in this field focused primarily on the "tree-type" accident analysis model to analyze accidents, and risk analysis should be based on internal data analysis [21] . Once the failure-factor data are provided, then a risk model is needed to determine the "occupation rate" between the number of unknown failure factors and that of possible known failure factors. In other words, in the whole life cycle of a pipeline, when the failure factors of an accident are already known, the higher the ratio, the higher the probability of an accident.
The difference from the traditional analysis method is that the new method can be used to determine the probability of a leak by analyzing the possibility of leaks in specific segments of a pipe or groups defects with the same features, while the traditional method evaluates the possibility of certain types of accidents by analogy with other accidents. It is necessary to change the type of analysis of such accidents, find out the factors causing the accidents, and analyze the "occupation rate" as a data-mining rule to identify and determine the pipeline status.
According to the "tree-type" pipeline accident-cause theory and girth-weld failure data, all the elements that may lead to the failure of girth welds are set to the part of the tree as shown in Figure 1 .
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Case 2: Physical problem of girth weld, for example, the fracture toughness of the girth weld does not meet the standard, according to data from lab or field test. Case 3: Geometric problem of girth weld, for example, misaligned girth weld, wall-thickness change, presence of a dent, etc., according to data from ILI, construction record, and nondestructive testing (NDT).
Case 4: Girth weld with additional external loads, caused, for example, by lifting and ditching during construction, presence of a weld within or near a pipe bend, ground displacement during operation, accidental loads, caused, for example, by earthquakes and other environmental factors, according to data from ILI, monitoring, etc.
Case 5: Special weld, such as tie-in weld, repaired weld, according to data from construction record.
Case 6: Non-straight girth weld deviating by over 3 degrees, according to data from ILI, NDT, etc. The root cause, direct cause, and indirect cause of pipeline girth-weld cracking or leakage can be summarized and analyzed according to the "tree-type" accident-cause model. Then, on the basis of the model, it has been found that the key factors leading to the failure of the pipe girth weld include the following:
Case 1: Girth weld with defects, such as lack of fusion, crack, data from in-line inspection (ILI) or X-ray.
Case 5: Special weld, such as tie-in weld, repaired weld, according to data from construction record. Case 6: Non-straight girth weld deviating by over 3 degrees, according to data from ILI, NDT, etc.
Case 7: Imprecise management records, such as one 12 m pipe recorded as a combination of three short segments, construction company management lever, construction culture or background, imprecise information of welding quality or failure recorded by the welding team, and similar parameters.
Case 7 as a cause of defect is represented at the root of the tree in the above figure; Cases 1-3, 6, causing defects during construction, are represented in the tree trunk; Case 5 is linked to Case 7, Case 4 depends on monitoring during operation management and corresponds to the leaves of the above tree. The death of a tree or the breakage of a branch indicates failure.
These conclusions can provide guidance for identifying high-rupture-risk girth welds. However, due to the limitations of existing defect detection techniques, many indicators are difficult to quantify and cannot be considered in the risk assessment or evaluation of fitness. Therefore, using the theory and quantitative model of describing the causes of a pipeline's defects, combined with a survival analysis and other prediction methods, the Bayesian survival-analysis model of girth weld can be established and can be used to analyze the influence of different factors on the life of girth welds and predict their mean survival.
Kaplan-Meier Survival Analysis Function
The survival analysis is based on data obtained from experiments or surveys and analyzes and infer the survival time of materials and objects. This method has been used in medicine, biology, economics, statistics, and other disciplines [22, 23] . In this paper, we took a closer look at the patterns of girth weld failure and leaks in 64 girth-welding accidents and created a Bayesian model that predicts the probability of a girth weld maintaining its integrity in the future. The life of a girth weld is the time from its construction to its failure, due for example to cracking; girth-weld failure represents its "death". After determining the life of a girth weld, a non-parametric Kaplan-Meier survival-method [24] is used for analysis. The life of a girth welds is described using parameters: "d" represents the number of "deaths" of the sample at a certain time "t", and "n" represents the number of "survivals" of the sample at a certain time. The survival function indicates the probability of surviving the time "t", as shown in Equation (1):
Hazard function is another basic function in survival analysis that measures the probability of a sample's "death". The hazard function h(t) is calculated as:
The survival curve example in Figure 2a shows that the probability of failure of girth welds increases sharply in the first seven years and is relatively constant between 10 and 40 years; the failure rate increases after about 40 years. This is consistent with the three stages of the Bathtub curve for pipeline accidents, namely, the early "infant mortality" failure, the "constant" failure, and the "wear-out" failure due to pipeline aging.
According to accident records, the girth-weld with the longest life failed in its 63rd year. Therefore, this article can analyze only the 63rd year using the Kaplan-Meier method. There is only one variable allowed in the Kaplan-Meier method, and it cannot predict the future development of an event.
Also, since only the cracked, failed girth-weld samples are considered in the modeling analysis, if data related to functional samples are combined with those of the failed girth weld, for example, the planar defect found by in-line inspection is defined as failure, then the failure probability and survival function of the failed girth weld will change. Appl. Sci. 2019, 9, According to accident records, the girth-weld with the longest life failed in its 63rd year. Therefore, this article can analyze only the 63rd year using the Kaplan-Meier method. There is only one variable allowed in the Kaplan-Meier method, and it cannot predict the future development of an event.
Also, since only the cracked, failed girth-weld samples are considered in the modeling analysis, if data related to functional samples are combined with those of the failed girth weld, for example, the planar defect found by in-line inspection is defined as failure, then the failure probability and survival function of the failed girth weld will change.
Bayesian Survival Analysis Function
The Bayesian method [25] is used to obtain the distribution of parameters based on their prior distribution and the likelihood function.
Since the 1970s, Berliner et al. [26, 27] started using the Bayesian method for the analysis of survival data. Later, different theoretical models were developed. The Bayesian survival analysis method can make up for defects, such as small-sample and incomplete data, and achieve survival analysis or failure prediction. The prior distribution of girth-weld failure can be described as in Figure  2a , monotonically increasing or decreasing, satisfying the characteristics of the Weibull distribution. The probability density function of Weibull distribution is: 
Since the 1970s, Berliner et al. [26, 27] started using the Bayesian method for the analysis of survival data. Later, different theoretical models were developed. The Bayesian survival analysis method can make up for defects, such as small-sample and incomplete data, and achieve survival analysis or failure prediction. The prior distribution of girth-weld failure can be described as in Figure 2a , monotonically increasing or decreasing, satisfying the characteristics of the Weibull distribution. The probability density function of Weibull distribution is:
where α is the size parameter, and λ is the shape parameter.
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The survival function represents the probability that the analysis target survives to time t, expressed as Equation (4):
The sample data are related to the failure of girth welds. On the basis of the prior distribution and sample data, the posterior distribution of parameters at each stage can be obtained by the Bayesian method. However, we cannot determine the posterior distribution of parameters α and λ before the analysis. Therefore, the Markov Chain Monte Carle (MCMC) [28] is used to solve the problem that the parameters of the posterior distribution are unknown, and the calculation process is complex. The calculation of the posterior distribution of the two parameters is performed by the WinBUGS [29] . Consider that the average value of the two parameters was 0.7298 and 0.1118. Because the sample data were taken from the failure girth-weld data, in the 63rd year, all girth welds failed, and the corresponding survival probability was 0. Take the lower-limit value and the upper-limit value of the two parameters under the 90% confidence interval. The survival function is shown by the dotted line in Figure 3 .
If the survival function conforms to the Weibull distribution, In[−InS(t|α, λ)] is linearly distributed to (t).
In
The Kaplan-Meier survival function in Figure 3 does not exactly fit the linear relationship. Therefore, the data of girth-weld failed samples do not completely conform to the Weibull distribution. In Figure 3 , the data from 10 years are in good agreement with the Weibull distribution; however, a wide range of confidence intervals and some of the data are outside the range after 10 years because of a limited sample number. According to the distribution trend of the survival curve in Figure 2a , the posterior distribution can be divided into three stages. Different stages use different functional forms, which can be called Staged Bayesian. This model is a brand-new Bayesian form and is proposed in this paper for the first time. The Weibull distribution was used in the early "infant mortality" failures stage, the uniform distribution was used in the second stage, and the exponential distribution was used in the last one. The cutoff years between stages are 10 and 40, which were selected according to historical statistics and Appl. Sci. 2019, 9, 1150 7 of 11 the turning point in the survival curve of girth welds. The Weibull distribution still uses the parameter estimates of the survival function in Figure 2 . The Table 1 shows the parameters and values of Staged Bayesian. As shown in Figure 3 , the Staged Bayesian distribution is consistent with the Kaplan-Meier survival function, and the fitting results are matched. 
Survival Probability and Cases
Section 2 analyzes several key factors closely related to a girth-weld accident based on the "tree-type" accident cause theory. The prediction method is discussed in Section 2.3. It is well accepted that the rupture of a girth weld is often caused by multiple factors simultaneously. If each factor is independent of time, it will occur only under random conditions or conditions that cause fragility. It is assumed here that an undamaged pipe girth weld does not fail in service, and only a defective weld can be predicted to fail, as a consequence of the 7 factors mentioned in Section 2.1. The influence of different factors on the failure of a girth weld was analyzed by predicting the survival function factors.
It is assumed that the largest number of factors causing a certain type of pipeline accident is m, and the pipeline state is found to have k factors. According to the occupation rate, the probability of occurrence of the accident is k/m. However, we should distinguish the extent to which each factor affects the failure.
The survival function uses the staged Bayesian result in Figure 3 . The 14 girth-weld failures with detailed information were selected for setting up the survival probability modeling in the "infant mortality" stage. These 14 failure cases, from a total of 64 failure cases, s occurred after less than 10 years of service. Table 2 shows the factors related to each case, with the top 7 factors as described in Section 3; 1 means that the corresponding factor is satisfied, 0 means that it is not satisfied, and 2 means that two elements of the same factors are satisfied. Firstly, according to the 14 accident samples, the life curve of every single factor leading to the failure of the girth weld was calculated, and the influence of each factor on the failure probability of the new pipe girth weld was determined. Then, the life curve of the girth failure was analyzed considering all factors and comparing the effects on girth-weld failure of various combinations of them, that is, the probability of "survival".
According to these assumptions, to directly consider the influence of multiple factors on a girth-weld function, let λ of staged Bayesian be:
where:
Indicates the influence factor of seven different cases on the failure of the girth weld, r 0 is a correlation factor between different factors, z 1i ∼ z 7i represents the values corresponding to seven different Cases (see Table 2 ).
The girth-weld survival function based on the failure case sample is determined by calculating r 0 and r 1 ∼ r 7 in Equation (6) . Figure 4 shows the survival function of the girth weld under the influence of a single factor. As can be seen from Figure 4 , the lowest probability of girth weld survival is when the physical properties of the weld do not meet the specifications, which means that it is the most critical of the seven factors; and the impact of Case1 is relatively small. Therefore, the mechanical properties of the weld should be strictly controlled by monitoring weld defects. Firstly, according to the 14 accident samples, the life curve of every single factor leading to the failure of the girth weld was calculated, and the influence of each factor on the failure probability of the new pipe girth weld was determined. Then, the life curve of the girth failure was analyzed considering all factors and comparing the effects on girth-weld failure of various combinations of them, that is, the probability of "survival".
According to these assumptions, to directly consider the influence of multiple factors on a girthweld function, let λ of staged Bayesian be:
where: ~ Indicates the influence factor of seven different cases on the failure of the girth weld, is a correlation factor between different factors, ~ represents the values corresponding to seven different Cases (see Table 2 ).
The girth-weld survival function based on the failure case sample is determined by calculating and ~ in Equation (6) . Figure 4 shows the survival function of the girth weld under the influence of a single factor. As can be seen from Figure 4 , the lowest probability of girth weld survival is when the physical properties of the weld do not meet the specifications, which means that it is the most critical of the seven factors; and the impact of Case1 is relatively small. Therefore, the mechanical properties of the weld should be strictly controlled by monitoring weld defects. As the failure factor increases, the occupancy rate also increases, and the survival probability of the girth weld is significantly reduced. So, the more the factors, the more fragile the girth weld.
Num4 indicates that the Case1, Case2, Case3, and Case4 factors are operating, Num5 indicates that the Case1, Case2, Case3, Case4, and Case5 are operating, Num6 indicates that other factors than Case6 are operating, Num7 indicates that all factors are operating. As the failure factor increases, the occupancy rate also increases, and the survival probability of the girth weld is significantly reduced. So, the more the factors, the more fragile the girth weld. The algorithm was also used to verify the failure of a girth weld of a high-pressure, API X80 steel natural-gas pipeline. The pipeline was commissioned in 2013, the first girth-weld cracking accident occurred in 2017, and the second cracking accident in 2018. Failure analysis showed that the failurecausing factors included external force caused by soil movement, changes in wall thickness, elbow joint, and weld impact toughness. That means these failure factors are those of Cases 2, 4, and 5. According to the survival function model described above, a weld with similar failure factors had a survival probability of 0.120 in 2017 and of 0.109 in 2018. If the accident in 2017 is included to the sample, and the impact factor of Equation 7 is recalculated, the survival probability of the girth weld in 2018 changes to 0.104, which is not much different from the original calculation result. Therefore, the number of samples is sufficient for effectively predicting the cracking of the girth weld.
This study also analyzed the other girth welds in this pipeline, and the statistical results showed that only two weld failures corresponded Cases 2, 4, and 5 at the same time; also, Case 4, was not represented by other weld failures. So, two girth-weld accidents occurred since the hydrotest. The pipeline operating company should take measures to prevent additional external loads from pressing on the pipe.
The failure factors of girth welds are relatively complex and difficult to quantify, and traditional risk assessment determine the possible risk factors on the basis of general knowledge and limited experience. This paper proposes a new model to improve the tools of girth-weld failure prediction. With this model, it is easy to determine the failure trend in time and the most critical factors and combination of factors for girth welds of a pipeline. The algorithm was also used to verify the failure of a girth weld of a high-pressure, API X80 steel natural-gas pipeline. The pipeline was commissioned in 2013, the first girth-weld cracking accident occurred in 2017, and the second cracking accident in 2018. Failure analysis showed that the failure-causing factors included external force caused by soil movement, changes in wall thickness, elbow joint, and weld impact toughness. That means these failure factors are those of Cases 2, 4, and 5. According to the survival function model described above, a weld with similar failure factors had a survival probability of 0.120 in 2017 and of 0.109 in 2018. If the accident in 2017 is included to the sample, and the impact factor of Equation 7 is recalculated, the survival probability of the girth weld in 2018 changes to 0.104, which is not much different from the original calculation result. Therefore, the number of samples is sufficient for effectively predicting the cracking of the girth weld.
Conclusions
The failure factors of girth welds are relatively complex and difficult to quantify, and traditional risk assessment determine the possible risk factors on the basis of general knowledge and limited experience. This paper proposes a new model to improve the tools of girth-weld failure prediction. With this model, it is easy to determine the failure trend in time and the most critical factors and combination of factors for girth welds of a pipeline.
This study first proposes the Staged Bayesian survival analysis model for girth-weld failure prediction using the tree-type cause theory and survival analysis method. The results show that the Staged Bayesian model is consistent with the Kaplan-Meier model. Meanwhile, the results of the model fit the trend of the "Bathtub Curve" of a pipeline and the intrinsic characteristics of a girth weld. Further analysis based on the survival model shows the tendency of the survival probability of the girth weld under the influence of a single factor and of several combinations of different factors, according to data of previous 14 accidents that happened within 10 years of pipe life after hydro-pressure. The model and analysis method can also be used to improve the risk assessment and provide guidance for risk-mitigation measures for the company operating a pipeline. 
